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ABSTRACT

Allan, William Lorimer, Ph.D., Purdue University, January 1968,

An Experimental Investigation of the Aerodynamic Force Characteristics

of a Jet Issuing Transverse to a Wedge. Major Professor: Bruce A.

Reese.

The aerodynamic interaction of a sonic jet issuing from a 15°
wedge with a transverse supersonic stream produces a side force due to
flow interaction in addition to the jet thrust. The magnitude of this
interaction force equals or even exceeds the value of the jet thrust.
There 1s a substantial lack of agreement in the literature as to the
effect of the flow parameters on the jet interaction; the prediction of
the flow interaction for any given set of circumstances is in terms of
empirical "scaling" laws. Over the range of experimental conditions -
employed in the published research there is substantial agreement as to
a physical model. This model is based on the inviscid or inertial effects
of the interaction of a jet issuing from a flat plate. |

The experimental conditions for this study were as follows:

Primary stagnation pressure: 100 psig

Primary stagnation temperature: Ambient

Free stream Mach number: 1.90

Secondary stagnation pressure: 50 to 250 psig

Secondary stagnation temperature: Ambient

Secondary Mach number: 1.00 '



ix

Secondary gases: Air, argon, ethane, helium, nitrogen

The model was a 15° two-dimensional wedge with a variable width
two-dimensional injection slot. The angle-of-attack of the model could
be varied between -5 and +15°,

Data acquisition was by means of spark shadowgraphs of the flow
field and surface pressure taps on the model. The surface pressures
were measured by means of mercury manometers.

The results of this study employing flow visualization and the
measurement of surface pressure distributions'on the wedge do not agree
with previously published flat plate results. The results from these
experiments show a more abrupt separation ahead of the slot, a shorter
separation region and a thicker boundary layer or wake downstream of the
"reattachment" point than the previous flat plate experiments. These
differences may be all attributed to the higher viscous forces; in
previous published experiments at lower values of free stream static
pressure, the inviscid or inertial effects were considered dominant.

The results of the experiment may be summarized as follows:

a. As the angle-of-attack is increased from 09 the magnitude of
the jet interaction is decreased for fixed free stream conditions and
jet stagnation pressure.

b. The effect of angles-of-attack between +52 and +15% and a
- range of values for the secondary stagnation pressure of 50 to 250 psig

is predicted by the following expression:
n
Ft = (Fi + Fj + Fa) = 1.023 (Fj + Fa)

where n is a function of jet stagnation pressure.



c. An increase in weight flow rate of the injectant increases
the interaction force. This effect is a maximum at 0° angle-of-attack
and is diminished by both positive or negative angles-of-attack, and is
enhanced by an increase in secondary stagnation pressure.

d. A moderate change in the molecular weight of the secondary
injectant as the air is changed to argon, nitrogen or ethane, does not
significantly affect the interaction. A large change in molecular
weight, air to helium increased the force, F1 + FJ, by approximately 20%.

e, A 50% change in the specific heat ratio, k, did not affect
the interaction for conditions of approximately equal molecular weight
(ethane and nitrogen) and with an average temperature differential of

120°F between the primary and secondary stream static temperature.



I. INTRODUCTION

The mission envelope for many spacecraft and rockets requires
active guidance and control both within and beyond the earth's atmos-
phere. A unique approach for a control system would be to employ a
single system to provide the required maneuver capability throughout
the flight envelope. It would also be desirable that such a system be
independent of main engine operation.

The use of a jet reaction device is attractive because control may
be effected over the wide range of operational conditions within and
beyond the earth's atmosphere. In vacuum, the control force due to the
jet is a function only of the fluid momentum and the pressure at the
nozzle exit plane. For operation within the atmosphere the available
control force depends on the aerodynamic interaction with the external
flow as well as the reaction force of the jet. Under most conditions
the actual control force is increased during operation in the denser
regions of the atmosphere; as is the control force requirements. However,
in many applications a jet reaction control system cannot provide the
required force levels without undue volume and weight penalties;
typically, this includes control systems for high velocity, short range
missiles designed for use in anti-bal]istic missile defense systems.

For operation within the earth's atmosphere, a new technique is
being widely explored that appears capable of providing very high force

levels, along with very large values of specific impulse. This technique



is referred to as "EXternal Burning" or "EB", and involves the use of a
liquid pyrophoric fuel. This fuel is injected into the free stream
adjacent to the flight vehicle and a control force is produced by the
combination of the jet thrust and the combustion of the injectant with
the oxygen in the free stream. -The pyrophoric fuels under current
investigation are triethyhaluminum, aluminum borohydride, and penta-
borane. Thermochemical calculations for these fuels predict a specific
impulse of the order of 6000 seconds. In addition to the advantages
inherent in high specific impulse, EB exhibits the high dynamic response
normally associated with jet reaction devices.

Unfortunately, EB has some marked disadvantages. The prediction of
the rate of the breakup and vaporization, and the mixing of the fluid
jet with the air stream is a very difficult task. Many external factors
influence this process and in spite of much research, progress has been
disappointingly slow. Another problem with EB is the operational use of
pyrophoric fuels because of the spontaneous combustion characteristics.
Stil1l another obvious limitation is the fact that the flight envelope
of a vehicle utilizing an EB system is limited to those portions of the
atmosphere where there is sufficient oxygen present to support the pyro-
phoric reaction in close proximity to the flight vehicle.

There is no discussion in the literature of the possibility of
blending jet reaction control and external burning into a single control
technique - a technique useful both within and beyond the atmosphere and
independent of main engine operation. However, it appears that such a
system may be feasible. This research program is concerned with just

such a combined jet reaction and EB control concept. It would employ an



underoxidized monopropellant in 1ieu of either a 1iquid pyrophoric jet,
or a hot gas reaction system. The monopropellant would be decomposed in
a gas generator, releasing perhaps 20% of its heating value, and the hot
gas would then be expanded through a nozzle to provide jet reaction
control. Typically such a system could utilize hydrazine with catalytic
decomposition, or a combination of hydrazine and N204. Where the flight
regime permits, the control force would be enhanced by the external
burning. As the dynamic free stream pressure increases, the control
force requirements increase as does the amount of volume expansion that
could occur from external burning. Conversely, in vacuum, there is no
external burning and the available control force is at a minimum; but
the control fdrce requirements are also at a minimum. Regardless of
flight regime and attitude, there would always be a usable level of
control force available. That 1s not true of an external burning system
that employs a 1iquid jet. The use of a monopropellant would also remove
one of the principle difficulties in obtaining consistent external
burning - the prediction of jet breakup and vaporization.

The coincident location well forward on the flight vehicle of the
two methods of force generation does not give rise to inconsistency.
Much of the literature considers the interaction phenomena of a transverse
jet as a jet flap and thus the argument that the jet should be located
well aft on the body to minimize the effects of the decrease in the
pressure field immediately downstream of the injection point. Converse-
ly, it is apparent that the injection point for external burning should
be well forward on the flight vehicle to allow sufficient length for the

combustion to occur in close proximity to the body. In the case of the



combined system, when in vacuum it acts as a jet reaction control, not
as a jet flap; and within the atmosphere the burning prevents the
creation of a low pressure field aft of the injection point.

The injection of a fluid into a supersonic stream for the purpose
of producing a control force has been studied actively since 1952*.
Studies and applications generally fall into three categories: 1) the
injection of a fluid into a rocket exhaust nozzle, transverse to the
main flow, 2) injection of inert fluids into external supersonic flow,
and 3) the injection of fuel into the air flowing external to a super-
sonic flight vehicle, or external burning. Although there are some
differences in the phenomena associated with the first two cases, those
differences are not as important as the differences introduced by ex-
ternal combustion. As mentioned above, when an inert fluid is injected
into an exhaust stream or an external supersonic flow, a control force
is produced which is made up of two components, a jet reaction force and
an aerodynamic interaction force. The latter is associated with a local
increase in pressure in the region of boundary layer separation and an
increase in pressure downstream of a shock wave which is produced by the
injection. This is shown in Fig. 1. When the injectant is a liquid that
vaporizes, additional force may be introduced which is related to the
volume change produced by the evaporation of the liquid.

In external burning, the aerodynamic interaction force is amplified

by the heat release and the volume increase associated with the combustion

The review of the literature pertinent to this investigation is
presented in Appendix B.
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process.

Fig. 2 depicts the six interrelated phenomena that contribute to
the overall effectiveness of the control system utilizing such a
technique:

1. The dynamics pf the fluid jet and the net momentum flux.

2. The separation of the boundary layer upstream from the point of
injection and the pressure distribution within the separated
region as a function of freestream conditions, upstream
-ablation, etc.

3. The formation of an oblique shock at the point of separation
and the pattern of compression and rarefraction waves that
form downstream of this shock.

4, The process of jet breakup, evaporation and mixing.

5. The combustion process.

6. The flame-shock interaction,

Items 1-4 are sometimes grouped together ahd referred to as the "pre-
ignition stage" (1), however, the combustion process cannot be clearly
separated from its effects on Item 4,

- In order to effectively describe the phenomena of external burning
in an analytical fashion, it is necessary to use both the primary and
secondary flow parameters as model inputs. As detailed in the Review of
the Literature (Appendix B), there is a lack of substantial agreement as
to the effect of these flow parameters, with respect to either an inert
secondary injectant or a combustible secondary injectant. In the case
of an inert injectant, several theories appear applicable depending on
the range of the experimental data (2-29, 97-101). For EB, there is less

agreement than in the case of inert injectants and is further compounded
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by the fact that the theories are closely tied to model geometry
(30-96),

The actual choice of input parameters is arbitrary, providing that
the chosen primary and secondary sets fully describe the flow field. The
primary input parameters chosen for this investigation (2D) were: free
stream Mach number, free stream total pressure, free stream total
temperature, and angle-of-attack. The secondary input parameters were:
size and geometry of injection orifice, secondary total pressure,
secondary total temperature, and species of injectant.

The experimental portion of this research investigation is en-
visioned to comprise two phases: a) an investigation of the flow field
produced by the interation of an 1nert*gas injected through the surface
of a wedge and b) a similar investigation with combustible injectants..
The purpose of the first phase, which is the subject of this research
program, is to more clearly define the effects of the secondary flow

parameters prior to combustion.

Ethane was used as one of the injectants. While it is not normally
considered as an inert gas, at the temperature involved (4219 R)
it was effectively non-reactive.



2. METHOD OF INVESTIGATION

2.1 General Discussion

The techniques selected to investigate the effects of the secondary
flow parameters was to utilize a two-dimensional supersonic wind tunnel
and a wedge model. The details of the apparatus and model are presented
in Appendix C and in Figs. 3, 4, and 5. Figure 3 shows the wedge model
installed in the tunnel. The flow is from left to right. In the
foreground is the spark source. The model is shown at an angle-of-attack
, of 5°. Behind the model and far tunnel wall is mounted the ground glass
screen. Figure 4 is an exploded view of the model. The fore and aft
sections of the model are butted together and held in place by the side
plates. Figure 5 is .a schematic of the flow system. The primary air
goes from the supply tanks, through the regulator system, into the
plenum chamber, and through the tunnel. The secondary gas is fed from
the s&pp]y tanks through a remote dome loaded valve, into the secondary
plenum and then through the model and the injection slot. Both plenum
chambers have stagnation temperature and pressure probes. The aero-
dynamic interaction of a jet transverse to a supersonic stream is an
extremely complicated phenomenon. The reduction to two dimensions retains
the fundamental flow structure, eliminates several of the secondary
interactions, i.e., wrap-around, and permits straightforward interpreta-
tion of the shock structure by means of shadowgraph photography.

The experimental portion of this program utilized a 15° wedge
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model which was inserted into the exit stream of a two-dimensional super-
-sonic wind tunnel. Air or inert gas was injected perpendicular to the
surface of the wedge thru a sonic slot aligned perpendicular to the
supersonic flow. Surface pressures on the wedge were obtained from
static pressure taps on the wedge surface. These taps were arranged
longitudinally on either side of the slot at centerline distances of .050
inches. The resultant shock structure was reproduced concurrently with

the pressure map by conventional spark shadowgraph photography.

2.2 Experimental Conditions

The primary and secondary air supply for the experiment was pro-
vided from a system of high pressure air tanks. When fully pressurized
to 2500 psig, this air supply would provide for five minutes of operation
at a mass flow rate of approximately 20 pounds per second. The total
temperature of the air supply was subject to diurnal and seasonal
variations, and the lapsed time from fill. Over the several experimental
runs, the variation of total temperature of the primary and secondary
flow was a maximum of 24° F. The secondary supply for the inert gases,
nitrogen, ethane, helium and argon, consisted of standard bottles which
were maintained at inside ambient temperature.

| The total pressure of the primary and secondary flows were main-
tained within bne psig of design conditions by the regulator systems.

The wedge model was hechanica11y secured with respect to the
centerline of supersonic nozzle to an accuracy of one minute of arc.

The static pressure variation of the surface of the wedge was
obtained by means of a system of manometers; the readings were recorded

to the nearest tenth of an inch of mercury.
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2.3 Parameters

2.3.1 Angle of Attack
The angle of attack of the wedge model was varied from -5 degrees

to 15 degrees in 5 degree increments.

2.3.2 Molecular Species of Injectant
The principal experiments were run using dry air as an injectant.
In order to evaluate the effect of density variations, several runs were
using nitrogen, helium, and argon in sequence. The primary and secondary
flow total temperature and pressure was held constant and the secondary
injectant was changed by means of a three-way valve system. The effect
of density variation was obtained by a comparison of the corresponding

shadowgraph pictures and the pressure maps of the model surface.

2.3.3 Mass Flow Rate of Injectant
The mass flow rate was increased by increasing the width of the
injection slot. In the first series of experiments, the slot width was
maintained at 0.012 inches. This series was later reproduced with a
slot width of 0.024 inches and the corresponding results were compared

with respect to the shadowgraph pictures and the pressure maps.

2.3.4 Total Pressure of Injectant
During each run, the total pressure of the injectant was varied

from 50 psig to 250 psig in five equal increments.

2.3.5 Specific Heat of Injectant
A run was made utilizing nitrogen and ethane as the injectants.

The molecular weight and specific heat at constant pressure, Cp, for
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nitrogen are 28.02 and 0.245 (399° R), whereas the values for ethane are
30.07 and 0.367 (421° R). The experiment was conducted at secondary
stagnation pressures of 50 and 100 psig.
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3. RESULTS

The data from the experimental investigation is presented in two
forms:

a. shadowgraph pictures of the flow field; and

b. surface pressure distributions on the wedge model.

The purpose of the photographic data was to provide insight as to
the structure of the flow field in terms of shock formation, boundary
layer separation, level of turbulence, etc. In addition, when possible,
measurements were made from the scaled photographs to check separation
distanées, height of sepérated regions, and penetration height of the
secondary Jjet. |

The surface pressuré measurements were used to obtain points of
boundary layer separation, integrated values of the side force due to

the jet interaction, and to derive scaling parameters.

3.1 Flow Visualization

Shadowgraphs of the flow field produced by the transverse sonic
jét are presented in Figs. 6-20. In these photographs, the flow is from
right to left. The vertical etched line represents the exit plane of
the nozzle blocks. Significant flow parameters are presented on each
photograph. Moving from right to left in the photographs, the oblique
shock at the tip of the wedge is followed by a separation shock at the
point of boundary layer separation. At the point of boundary layer

separation the boundary layer is turbulent, with a length Reynolds number
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of at least 7 x 10%. The separation shock merges with a bow shock caused
by the secondary jet. Between the separation and bow shocks, there is a
region of boundary layer separation on the wedge surface. Downstream of
the slot is a second region of boundary layer separation which terminates
in or is intersected by a recompression wave. The apparent boundary
layer or wake downstream of the recompression wave shows large scale
turbs and the boundary layer or wake is approximately ten times thicker
than the boundary layer prior to the initial separation upstream of the
slot. In the upper right hand corner of the photograph a Mach wave may
be observed that originates at the surface of the nozzle block at the
exit plane. This wave traverses the flow field intersecting the surface
of the wedge downstream of the recompression wave. A second Mach line
can be seen which is due to the intersection of the forward oblique
shock and the slip line between the flow from the nozzle blocks and
atmosphere. In an attempt to avoid the interference effects because of
the aforementioned Mach wave, the "cutoff point" for the integration of
surface pressure was chosen as 0.70 inches downstream of the slot. This
was in all cases, except the 0° and -5° angle of attack cases, at least
five boundary layer thicknesses upstream of the point of interaction.

In most cases, the size and shape of the separate zones, as well
as the penetration height of the secondary jet can be determined from
the photographs. The zones are outlined in Fig. 6. It is also evident
from Fig. 6 that the boundary layer or wake downstream of the recom-
pression wave is highly turbulent.

From a comparison of the various photographs taken under different

test conditions, the following general observations may be made:
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a. For a given angle-of-attack and slot width, an increase in
secondary pressure increases the size of the separated zones and the
height of penetration of the secondary jet.

b. For a given slot width and secondary pressure, there is little
variation in size and shape of the separated zones as a function of
angle-of-attack. However, the overall shock structure is inclined more
downstream as the angle-of-attack decreases.

c. At constant angle-of-attack and constant secondary pressure,
the different gases all exhibit a very similar boundary layer separation
and shock structure,

The unsteadiness of the flow, which is evidenced by the shock
structure in sevéral of the photographs is attributed principally to the
mechanical vibration of the tunnel. This vibration is a result of the
high flow rate of the primary air coupled with the lack of damping
associated with the cantilever construction. A comparison of runs made
under identical conditions demonstrated that the vibration did not affect
the reproducibility of the data systems.

In some of the photographs it was not possible to identify the
penetration height of the secondary flow. This is considered to be
caused either by turbulence associated with the separated zones and/or
a lack of sufficient local contrast ratio on the shadowgraph negative.

For the eXperiments at angles-of-attack of 0 and -5 degrees, it
was determined that the initial position of the model with respect to
the nozzle blocks caused choking of the flow on the underside of the
model. For these runs, the model was moved downstream so that the

leading edge of the model was at the exit plane of the nozzle blocks.
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Shadowgraph

Figure 13.
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Shadowgraph

Figure 16.
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Shadowgraph

Figure 17.
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3.2 Pressure Data

The pattern of pressure measurement§ was changed slightly for the
various series of experimental runs to obtain a finer covérage in the
areas of flow interaction. The variation is detailed in the tables in
Appendix F. The actual experiment was conducted in three successive
series. In the first, at a slot width of 0.012 inches, a complete set
of variable angle-of-attack and secondary injection pressure experiments
were run with air as the injectant to provide a basis for the determina-
tion of the effect of mass flow rate and to gain experience in operating
the tunnel. In general, the shocks were too close together to separate
photographically and thus determine the fine variations in the flow
field. A second series of experiments were conducted with air as the
secondary gas at a slot width of 0.024 inches. In this case, the flow
disturbance was large enough to photograph well, but not sohlarge as to
react with the boundaries of the tunnel. Besides results on the effect
of mass flow, this series was used for the evaluation of the effect of
the variation secondary pressure with respect to angle-of-attack. The
last series was run at constant angle-of-attack (+5 degrees) with various
secondary gases.

As seen from the results tabulated in Appendix F, considerable
more scatter is evident in the pressure field upstream of the onset of
separation during the experiments conducted at a slot width of 0.012
inches .than is the case for the runs at the 0.024 slot width. The
increased scatter is attributed to small changes in model geometry
caused by the "balloon effect" of the high gas pressure inside the model.

When the model was disassembled for the purpose of enlarging the slot,
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distortions were noted on the wedge surface commencing approximately 1.5
inches upstream and downstream of the slot. Therefore, the internal
structure was reinforced and no distortion was encountered in subsequent
experiments. No structural deformation was noted in the vicinity of the
injection slot in any of the experiments.

Mercdny leaks and thé partial plugging of the pressure taps by
dessicant were probleﬁs that existed throughout the experiment. A loss
of data from a manometer tube was attributed one or the other of these
faults in every case. On the average, four manometer tubes out of 56
failed to register properly during any given run.

The criterion employed to locate the separation upstream of the
slot was to select as the point of separation the pressure tap 1ocation
Just prior to the large pressure increased caused by the point of separa-
tion, as shown in Fig. 22. Figure 22 presents the surface pressure as
a function of length for the condition shown on the figure. The separa-
tion determined from pressure measurements was in good agreement with
scaled measurements from the shadowgraph, e.g., within 0.05 inches. The
location of the reattachment position downstream of the slot was more
difficult to determine. The shadowgraph pictures were, on the whole, less
distinct because of the turbulence. The criterion used to designate the
reattachment location was to select the first peak pressure in the mano-
meter data after the slot as labeled in Fig. 22. For values of w = 15°,
100. 59 the first peak pressure was within the integration length used to
derive the interaction force. For values of w = 0° and -5°, the pressure
data do not permit establishing a consistent criterion for determining

reattachment. Pressure maps of the normalized pressure (Ps + P=), as a
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function of X for the 0.024 slot, air as the injectant and Pos = 150 psia,
are presented in Figs. 21-25, This is plotted as (Ps + Pos)/Pos vs X.

3.3 Calculations

The calculated flow parameters were obtained using isentropic
tables for air, in the case of air; and isentropic perfect gas tables in
the case of other gases. The secondary jet momentum thrust was calculated
by assuming isentropic flow with a discharge coefficient of unity and

the measured wedge surface pressure as the back pressure.

3.4 Influence of Selected Parameters

The parameters influencing the side force produced by the second-
ary gas injection and the nature of the flow disturbances are:

a. the secondary gas flow rate, ws.
b. the secondary stagnation pressure, Pos'

c. the secondary gas properties, P Ts. K molecular weight.

s!
d. the angle-of-attack.

3.5 The Effect of A Change in Weight Flow Rate

The weight flow rate was changed by changing the area of the slot.
The ratio of the areas of the two slot widths employed in this experiment
was 1.93. In the second series of experimental runs the slot width was
expanded from 0.012 inches to 0.024 1nches, however, the span was
decreased in order to strengthen the model and to insure against bowing
due to the high internal pressures. The additional force, F1 + Fj.
attributed to the change in weight flow rate increased with increasing
P__; the increase was less at either positive or negative angle-of-

0s
attack than at 0° angle-of-attack. There was considerable scatter in
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the data and no correlation or prediction parameter was obtained. The
scatter is attributed primarily to the small scale of the interaction
effects at the small slot width, The average increase in the force,

Fi + Fj due to the approximate doubling of the secondary weight flow rate
was 1.40 at 0° angle-of-attack.

3.6 The Effect of A Change in Molecular Weight

There were minor changes in the character of the flow field and
the pressure field due to changing the injectant from air to argon,
nitrogen or ethane. Figure 26 presents the sum of the jet thrust and
interaction force as a function secondary gas pressure for air, argon,
helium, nitrogen and ethane. The total force for helium averaged about
20% higher than the other gases. This was most evident in the downstream
pressure distributions. This is in good agreement with the results
obtained by Newton and Spaid (12).

In an as yet unpublished experiment at the Jet Propulsion Center,
R.D. Guhse alternately injected hot and cold air through a slot trans-
verse to a Mach 2.6 free stream. The interactions in both cases were
almost identical. A comparison of the Allan and Guhse experiments
indicates that the composition of the mixture downstream of the injector

may be more important than the density.

3.7 The Effect of Charge of Specific Heat Ratio

An experiment was conducted at an angle-of-attack of 59 and
secondary stagnation pressures of 50 and ¥00 psig with nitrogen and
ethane. The molecular weight and specific heat at constant pressure for

nitrogen are 28.02 and 0.245 (399°R); and for ethane, 30.07 and 0.367
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(421°R) respectively.

There was no discernable difference in the flow structure or the
pressure fields for the alternate injection of nitrogen and ethane.
This would indicate that a variation in the specific heat ratio has
little or no effect on the interaction between the jet and the free-
stream for the conditions of the experiment where the difference between

the static temperature of the primary and secondary stream was approxi-

mately 130°F.

3.8 The Effect of Changes in Angle-of-Attack

Figure 27 presents the sum of the jet and interaction force,

F1 + Fj as a function of the secondary injection pressure POS for various
angles-of-attack. Variations in the angle-of-attack produced the most -
dramatic changes in the results of all the parameters investigated. The
following results were observed:

a. The resultant force, F1 + Fj increased with increasing values
of Pos for all angles-of-atfack.

b. The resultant force, F1 + Fj decreased between w = 0° and
w = -5° for each value of Pos'

c. The resultant force, F1 + Fj initially decreased for positive
angle-of-attack (+59), increased'at w = 10%, and decreased for w = 159
for each value of Pos'

d. The flow interaction for values of w = 0°, -5° extended down-
stream past the point of Mach line interaction from the nozzle exit plane.
This resulted in considerable scatter in the data obtained during these
experiments.

e. The length of the region of boundary layer separation
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upstream and downstream of the slot increased for increasing values of
Pus and decreased with increasing angles-of-attack, starting at
w = -5 The jet was sonic for all other experiments except for
w =15°, both slot widths, and POS = 50 psig, the secondary jet was
subsonic.

A prediction factor'was derived for values of = 150, 100, 50

such that the interaction force F_i could be predicted from the known

values of Fa and Fj. This can be stated as:

n - =
c (Fj + Fa) (Fi + Fj + Fa) Fy
where n is an integer 0,1, 2, 3 .... corresponding to values of POS =
0, 50, 100, ceas psig and C is a constant equal to 1.023. The curves in

Fig. 28 are calculated from the above expression. The data points are

experimental results. As can be seen the agreement is satisfactory.

3.9 Comparison of Results

A direct comparison of the results of this experiment with pre-
viously published results is difficult. Most of the published wind
tunnel data were obtained at much Tower values of the primary stagnation
pressure than those employed in this experiment.i_N6 results were found
in the literature to compare with the experimental results of this study
in either the fiow visualization and pressure distribution at angle-of-
attack. The only generally accepted model is for flat plate conditions
and this model is based principally on a inviscid or inertial interaction.
The "scaling" parameters that have proved the most effective in correla-
ting results are the scale height of the secondary Jet (12) and the

vacuum force coefficient (3). As mentioned earlier in 3.1, in some of
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of the shadowgraph pictures it was not possible to identify the penetration
envelope of the secondary flow. Therefore no attempt was made to correlate
these results with previously published data on scale heighth. An attempt

at correlation was made using the vacuum force coefficient, Cn where:

v
| (’_"12+ PsAs)
C. = g

v 2
1/2 Posvos (Planform Area)

The planform area was taken as the sum of the upstream and downstream sep-
aration distances multiplied by the width of the wedge model. A plot of
the interaction for;e Fi Vs CnV was made and it was approximately linear
for each experimental run, however, there was no discernable correla-
tion between the severa] runs. The region of the interaction has been
considered to be effectively terminated by the downstream recompression
wave. For the higher value of stagnation pressure of the primary stream
employed in this investigation, it appears that viscous effects predom-
inate and that the interaction is terminated well downstream of the recom-
pression wave. The interaction upstream of the injection slot appears to
be similar in both this and other investigations, except that the onset of
separation is much more abrupt.

The reported result of a relative increase in the forcé effective-
ness near 10° angle-of-attack is similar to a result reported by Boeing
(80) in an external burning experiment. Correlation between the two

results is pure conjecture because of the diverse nature of the experiments.
| The qualitative results of the investigation 6f the effect of mass

flow rate and molecular weight agree with the published Titerature (3).
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4. SUMMARY AND CONCLUSIONS

The aerodynamic interaction of a sonic jet issuing from a 15°
wedge with a transverse supersonic stream produces a side force due to
flow interaction in addition to the jet thrust. The magnitude of this
interaction force equals or even exceeds the value of the jet thrust.
There is a substantial lack of agreement in the l1iterature as to the
effect of the flow parameters on the jet interaction; the prediction of
the flow interaction for any given set of circumstances is in terms of
empirical "scaling" laws. |

The results of this study employing flow visualization and the
measurement of surface pressure distributions on the wedge do not agree
with previously published flat plate results. The results from these
experiments show a more abrupt separation ahead of the slot, a shorter
separation region and a thicker boundary layer or wake downstream of the
"reattachment” point than the previous flat plate experiments. These
differences may be all attributed to the higher viscous forces; in
previous published experiments at lower values of free stream static
pressure, the inviscid or inertial effects were considered dominant.

The results of the experiment may be summarized as follows:

a. As the angle-of-attack is increased from 0° the magnitude of
the jet interaction is decreased for fixed free stream conditions and
jet stagnation pressure.

b. The effect of angles-of-attack between +5% and +15° and a
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range of values for the secondary stagnation pressure of 50 to 250 psig

is predicted by the following expression:

Fo= (Fy + Fy 4 Fy) = 1.023"(1-'j +F,)
where n is a function of jet stagnation pressure.

c. An increase in weight flow rate of the injectant increases
the interaction force. This effect is a maximum at 0° angle-of-attack
and is diminished by both positive or negative angles-of-attack, and is
enhanced by an increase in secondary stagnation pressure.

d. A moderate change in the molecular weight of the secondary
injectant as the air is changed to argon, nitrogen or ethane, does not
significantly affect the interaction. A large change in molecular
weight, air to helium increased the force, Fi + Fj, by approximately 20%.

e. A 50% change in the specific heat ratio, k, did not affect
the interaction for conditions of approximately equal molecular weight
(ethane and nitrogen) and with an average temperature differential of

120°F between the primary and secondary stream static temperature.
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5. RECOMMENDATIONS

As indicated in the introductory remarks, this parametric |
analysis is the beginning of a comprehensive research program designed |
to explore in depth the feasibility and uti]ity of a combined jet
reaction and external burning control system. It is recommended that
this pbogram be continued; the recommended program can be conveniently
discussed under two headings: hot flow studies with an inert injectant,

and hot flow studies with a combustible injectant.

5.1 Hot Flow Studies, Inert Injectant

This series of experiments would parallel the preceeding cold
flow experiments except that both the primary flow and the injectant
would be heated to simulate conditions encountered in a potential flight
envelope. The heating of the primary air could be accomplished by a
pebble bed heater, a vitiating system with oxygen addition, or with
synthetic air, The basic experimental design should be such that the
apparatus will accommodate the use of combustible injectants. The
operating design points would be determined by parameter values required

to achieve the chosen flight envelope.

5.2 Hot Flow Studies, Combustible Injectant

These experiments would reproduce the preceeding hot flow, inert
injectant studies. The major change in the experimental apparatus would
be to replace the secondary flow system by a gas generator. The series
of experiments would be expanded to include a variety of combustible

mixtures and the relative proportion of combustion that takes place in

the gas generator.
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APPENDIX A

NOMENCLATURE

Injection slot area

Coefficient

Aerodynamic side force due to angle-of-attack
Side force due to jet interaction

Momentum thrust of secondary jet

Total side force

Specific impulse

Mach number

Pressure

Degrees, Rankime Scale

Slot width

Temperature

Gas velocity

Weight flow rate

Axial distance,reference located 0.79 inches from leading edge.
Acoustic velocity
Constant

Scaled heighth of injected gas



Specific heat ratio

Mass flow rate

Vacuum

Axial distance along wedge surface
Heighth above wedge surface

Transverse distance across wedge surface

Greek Symbols

a = 0Oblique shock angle

™ = Angle-of-attack
Subscripts

a = Ambient

i = Interaction

J = Jet

n = Normal

0 = Stagnation conditions

") = Primary

3 = Secondary

t = Total

x = Conditions before oblique shock

y = Conditions after oblique shock

® = Free stream conditions
Superscripts

*

Sonic conditions
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APPENDTX C

Description of Apparatus

1. Supersonic Nozzle Design ;

A uniform discharge, Maéh 2.0, two dimensiona] nozzle was employed
in the design of the wind tunnel facility. The nozzle was designed
by R. D. Guhse (17) to produce an exit section with a heighth of 6.000
inches and a uniform width of 1.981 inches.

For design purposes, the nbzzle‘was divided into three regions:

a. 'Subsonjc‘to sonic contour by Friedrich's method, (102).

b;i-iﬁitiaf eipahSibn fé.OEtéin radial source flow at the inflec-

‘t1on po1nt by s1mp1e wave theony.
c. fThe stra1ghten1ng port1on to obtain parallel un1form Mach 2.0
*,flow at the ex1t sectton by Foelsch s method (102).

The ca1cu1at1ons were carrled out on the IBM 7090 computer with
the resultSabe1ng obta1ned in the form of the X coordinate (axial)
as the iﬁdépen&entZQariable{ with the Y'coordinate, design Mach number
and S]ope Wfthiréspe¢t to théfxvaxis as dépendent variables.

The ané}jtiéai results were used as the basis for fabrication of
a model bTﬁck‘Which was then employed with a.profile mill to produce

a series of identical blocks machined from stainless steel stock.



95

2. Supersonic Wind Tunnel

The side plates which are the main structure of the tunnel were
fabricated from 1/2 inch mild steel and 1/2 inch plexiglas. The
nozzle blocks were sandwiched between the plexiglas and the steel
sidewalls. The blocks were positioned by employing dowels inserted
ihrough the steel side walls into the blocks; the entire assemply was
bolted together by a series of 1/2 inch steel bolts arranged above
and below the nozzlé blocks. Because of thi; arrangement, the blocks
were essentially floating within a rigid structure. The alignment
was accomplished by means of a Bridgeport vertical mill bed and dial
indicators. The blocks were aligned with respect to the centerline
coordinate to within .0005 inches at three points - the entrance
coordinate, the throat, and the exit plane. This ent%re assembly was
bolted to a plenum chamber in a cantilever fashion. |

The wedge model was held in the tunnel by dowels inserted through
the steel sidewalls. The positioning of the holes was referenced to
the centerline of the nozzle. The model could be positioned at various
angles of attack by inserting dowel pins into a series of matching
holes in the side plates of the wedge model. Fig. 3 shows the model
installed in the tunnel.
3. The model was a 15 degree wedge. The model was fabricated from
mild steel and was made up of four basic parts - two side plates, the
front section, and the aft section. This is shown in Fig. 4. A
0.012 inch wide slét for injecting the secondary gas was formed by
the abutment of the front and aft sections. The side plates were

relieved at the slot so that the actual slot extended well into the
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region of the wall boundary layer. Prior to assembly the internal
faces of the slot were ground to insure uniformity in width. After
assembly, both the upper and lower faces were ground flat and the
entire model was flash chrome plated. Static pressure taps on the
upper surface of the model were fabricated from stainless hypodermic
needle material, 0.020 inches I.D. The needle material was hydrogen
brazed in position prior to grinding the upper surface. The pressure
tap hole pattern was in the form of staggered rows of five along the
upper surface of the wedge with a longitudinal distance between
centers of .050 inches. The hypodermic needle material extended from
the downstream end of the model and was terminated in an array of
fittings. The model was disassembled and the slot re-ground to a
width of 0.024 inches for the second series of experimental runs.
4, Control System

The primary flow of air was controlled by means of an Askania
regulator system. The secondary flow from the wedge slot was regulated
by a remote dome loaded valve which was placed upstream of a secondary
plenum chamber. The total preﬁsure and temperature in the two plenum
chambers were sensed by means of stagnation probes and iron-constantiﬁ
thermocouples. The thermocouples were referenced to a common ice bath
and the temperatures recorded on a Brown Recorder. All operations
were accomplished at a location remote from the test cell. A schematic
diagram of the flow system is shown in Fig. 5.

The following controls and displays were available to the operator:

a. Controls

(1) Hand operated control for the Askania regulator system



(2) Remote dome loaded valve for the secondary gas system

(3) Remote actuator valves for the multiple gas secondary
system

(4) Camera trigger switch, coupled to a Brown recorder
through a multiplex circuit to record simultaneouﬁly the
primary and secondary total temperature.

b. Displays

(1) Heise gauge for primary stagnation pressure
(2) Heise gauge for secondary stagnation temperature
(3) U tube mercury manometer for surface pressure on the
wedge upstream of the injection slot

(4) Pressure gauge for supply pressure
(5) Stop watch timer
(6) Brown recorder for stagnation temperatures

5. Instrumentation

a. The spark shadowgraph system consisted of a spark source, a

parabolic mirror with a focal length of 64 inches, a ground
glass screen, and an automatic Nikon F single lens reflex
camera. A schematic representation of the system is presented
as Fig. 29.

The spark source was manufactured from a set of drawings furnished
to the Jet Propulsion Center by the Ballistics Research Laboratory,
Aberdeen, Maryland. The design specifications for the spark duration
was 1 microsecond. Tests of the device indicated an actual duration
of 3 microseconds. The image on the ground glass screen was photo-

graphed with a 1.2, 55 mm Auto-Nikor lens on Kodak Tri-X film

97



98

waysAs ydeabmopeys yaeds jo weabeiq drjewsyds 82 aunbiyg

STIVM3AIS SSVI9IX3d Iw/ v 334N0S LHII JOYYIN J1709VdVd

Vi3 7 ) D/ , |
s

SSV1 oz:czwl\




99

upgraded to an A.S.A. speed of 1200.

b. The pressure field on the wedge model was determined from a
bank of 58 mercury manometers which was photographically
recorded. These manometers were arranged in two sets, with
each set having a common reservoir. The reference pressure
to the reservoirs was obtained by utilizing the first row
of pressure'taps on the wedge model. Shadowgraph pictures of
the flow field and pictures of the manometers were taken
simultaneously during the experimental runs. Fig. 29 is a
photograph of the manometer bank.

6. Calibration

The Mach number at the exit plane of the nozzle was determined
by means of a series of static pressure measurements taken along the
sidewall of the tunnel and a corresponding set of total pressure
measurements obtained from a pilot tube rake posftioned in the tunnel
at the exit plane. The results of these measurements are presented
as Fig. 30 which presents Mach number at the exit plane as a function
of theoretical distance from lower nozzle block. The local Mach

number was determined using the relation:

K 1
p kT =T
Poy _[kn1 2] 2k 2 k-l

P ["2 My T M TR

and the Air Tables (103).
The uniformity of the flow - the local Mach number in the vicinity
of the wedge varied from 1.89 to 1.92 - is considered satisfactory.

The lack of complete uniformity is assumed to be the result of the
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Manometer Bank

Figure 30.
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following effects:

a.

Early tests on the nozzle indicated that a series of shocks
originated immediately downstream of the nozzle inflection
point. These shocks were clearly visible in shadowgraphs.

It was determined that during the polishing, a series of
depressions were inadvertently made in the contour immediately
downstream of the inflection point. Hand filing removed the
depressions and eliminated the shocks.

During the design of the nozzle blocks, no boundary layer
correction was made to the nozzle contour. Thus, based on an
increasing thickness of the boundary layer there is a corres-
ponding decrease in affective area ratio between the exit
plane and the throat.

The static pressures measured on the sidewall do not correspond
directly to the centerline static pressures. A variation of

1 to 2 percent of the Mach number may be present due to

expansion waves between the wall and the centerline (104).
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APPENDIX D

Experimental Procedure

Items to be completed at least one hour before initiation of run.

a. Turn on Brown recorder.

b. Fi11 thermocouple reference dewar with chipped ice.

¢. Check camera circuit to insure that it is wired for sihgle frame.

d. Turn all gauge manifold valves to proper position.

Items to be completed immediately before run (in order listed).

a. Check voltage output of camera power supply (adjust if necessary

to 12 v), load cameras (Tri-X for shadowgraph camera - Plus X

for manometer cameras), focus, set proper aperature and speed

(F 1.4 and 1/30 for shadowgraph camera and F4 and 1/4 for mano-

meter cameras), and plug cameras in.

b. Calibrate Brown recorder.

c. Turn on 24 v power supply.

d. Control panel should have switches in following positions.

m
(2)
(3)
(4)

(5)

two secondary "BLEED" switches off

"HIGH PRESSURE AIR" valve OPEN and “TO DOMES" valve CLOSED
"SECONDARY FLOW REGULATOR" off

if control wheel closed counter (clockwise to STOP) "PANIC"
off, if control wheel open, "PANIC" on.

SOLENOID" on.
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(6) "CAMERA" off.

(7) "BROWN RECORDER" off

(8) 220 v "ASKANIA MOTOR" on

Open large valve at high pressure tanks

Remove "block" from No. 1 control valve in air control room
Turn on spark power supply and "camera shutter" motor
Operate camera switch for reference pictures

Sound "HORN" three times

Conduct of experiment

a.

g'

Open the Askania control and stabilize the primary stagnation
pressure at 100 psig. Record wedge surface pressure from
manometer,

"BROWN RECORDER" on.

After 30 seconds, "CAMERA" on for one second to record shadowgraph
manometer bank, and primary stagnation temperature without
secondary flow.

Open "SECONDARY FLOW REGULATOR" and stabilize the secondary
stagnation pressure at 50 psig.

After 30 seconds, "CAMERA" on for one second to record shadow-
graph, manometer bank, and primary and secondary stagnation
temperatures.

Repeat steps 3d and 3f at secondary stagnation pressures of 100,
150, 200, 250 psig.

Shut down by turning "PANIC" on.

For that portion of the experimental program that involves multiple

gases, between steps 3e and 3f above, operate selector switches,
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APPENDIX E

Measurements and Data Reduction
1. Measurements
a. Shadowgraphs

The shadowgraph negatives were enlarged to 1:1 and 2:1 scale. The
shock angles and points of intersection were scaled directly from the
photographs using reference lines scribed on the Plexiglas side walls. .
The accuracy of measurement was 0.01 inches. The location of interaction
points was within 0.05 inches.

b. Pressure measurements :

(1) The accuracy of the wedge surface pressure downstream of the
oblique shock was accurate to within 0.1 inch of mercury. Variations
during the run did not exceed 0.2 inches of mercury. The recorded value
was the mean value.

(2) The manometer pressures were allowed to stabilize for 30
seconds at each data point. The pressures were recorded photographically
by Nikon cameras on Kodak Plus X film. The negatives were projected on-a
large scale screen. The values of the projected image were recorded to
0.1 inch of mercury. The error introduced by camera angle was determined
to be a maximum of 0.1 inches of mercury. The overall error, a function
of reading error, camera angle error, and meniscus determination was less

than 0.3 inches of mercury.
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2. Data Reduction
A1l calculations were carried out to two decimal points. The inte-

gration was carried out using a modified Simpsons rule.



APPENDIX F. DATA
TABLE F1.

Date: 22 October 1967

Test Conditions:
Angle of Attack 15 degrees
Slot Width 0.012 .inches
Barometric Pressure 14,53 psia
Local Static Pressure 36.11 psia
Data:

Injectant Air Air Air
Pos (psig) 50 100 150
Top (°r) 481 472 467
Tos (°R) 513 506 499

X(in)  aP(inHg)  AP(inHg)  AP{inHg)

Air
200
465

496

AP(inHg) AP(inHg)

Air
250

464
494

0.75 e 0,0 + 1.1
0.85 0.0 - 1.4 - 0.5
0.95 - 0.9 - 1.5 + 0.21
1.05 - 0.2 - 1.3 + 0.6
1.25 + 0.4 - 1.1 + 0.6
1.35 + 0.7 - 1.2 - 0.3
0.45 + 0.4 - 2.0 - 1.3
1.55 - 0.8 - 1.6 - 0.7
1.65 - 0.9 - 1.4 - 0.5
1.75 S-- -—- -
1.85 + 0.3 - 1.5 + 0.4
1.95 - 1.8 -2.4 - 1.6
2.05 - 0.9 - 0.4 - 0.6
2.10 - 1.3 - 1.9 - 1.2
2.15 - 1.0 - 1.6 + 0.2
2.20 - 0.8 - 1.4 - 0.8
2.25 - 0.9 -1.4 - 0.9
2.30 - 0.3 0.0 - 0.2
2.35 - 0.2 - 0.5 + 0.1
2.40 - 1.4 - 1.2 - 1.2
2.45 - 1.0 - 1.0 - 1.3
2.50 + 1.1 0 - 0.4
2.55 - 0.2 - 0.9 - 0.9
2.60 + 0.1 - 1.5 + 1.5
2.65 - 0.1 + 0.4 +11.9
2.70 + 0.0 + 0.1 +24.0
2.75 + 0.7 + 7.5 +31.8
2.80 - 0.3 +19.8 +37.2
2.85 + 0.1 +29.7 +40.2
2.90 +2.5 +34. +42.9
2.95 +24.0 +38.3 +44 .5
3.00 #31.1 +49.4 +44.9
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TABLE F1 (Continued)

Data: _
Injectant Air Air Air Air Air
Pos (psig) 50 100 150 200 250
Top (9R) 481 472 467 465 464
TOs (°R) 513 506 499 496 494

X(in) AP(inHg)  AP(inHg) aP(inHg) aP(inHg) AP(inHg)

3.20 -12.5 -40.9 -45.2 -47.5 -48.0
3.25 - 1.5 -29.3 -41.1 -45.0 -45.7
3.30 - 0.8 -12.1 -33.1 -40.1 -43.8
3.35 - 0.7 - 2.2 -19.4 - -34.1 ~37.1
3.40 - 0.8 + 0.3 - 6.9 -19.3 -31.2
3.50 - 1.3 - 0.2 - 1.3 - 5.9 -12.9
3.60 - 0.4 + 3.2 + 0.4 -1.8 - 6.1
3.70 -—n - ——- - ——-
3.85 - 1.0 - 0.4 0.0 0.0 - 0.6
4.00 1.2 - 0.5 0.0 + 0.3 + 0.2
4.15 -—- --- -—- --- -
4.30 - 1.8 - 1.7 + 1.4 -1.4 -1.4
4.55 - 2.0 - 1.5 + 1.1 - 1.5 - 2.0
4.80 - 1.3 - 0.8 + 0.6 -1.0 - 1.8
5.05 - 2.2 - 2.3 + 2.6 - 3.2 - 3.8
5.30 - 3.1 - 3.5 - 4.0 -4.7 - 5.2
5.55 - 4.9 - 5.2 - 5.4 - 5.9 - 6.4
5.80 - 7.0 - 6.5 - 5.6 - 7.5 - 7.5
6.05 - 5.5 - 1.9 - 4.6 - 6.9 -6.3
6.30 - 5.3 - 5.4 - 5.6 - 7.2 - 8.0
6.55 - 7.0 - 6.8 - 6.8 - 8.7 - 9.0
6.80 - 4.3 - 3.8 - 3.6 - 5.6 - 5.5
7.05 - 3.9 - 3.5 - 3.3 - 5.0 - 5.1



TABLE F2.

Date: 3 November 1967

Test Conditions:
Angle of Attack 10 degrees
Slot Width 0.012
Barometric Pressure 14.42
Local Static Pressure 27.60
Data:

Injectant Air Air Air
Pos {(psig) 50 100 150
Top (9R) 478 466 457
T . (°R) 506 499 490
0s
X(in) AP(1inHg) AP(inHg)  AP(inHg)
0.95 - 0.8 - 0.9 ——-
1.05 0 - 0.2 - 0.9
1.25 - 0.5 - 0.6 - 0.3
1.35 - 0.1 - 0.3 - 0.6
1.45 - 0,2 - 0.6 - 0.2
1.55 - 1.5 - 1.6 - 0.5
1.65 - 1.4 - 1.3 - 1.7
1.75 - 1.8 - 0.9 - 1.5
1.85 - 0.4 - 0.4 - 1.0
1.95 -—— ——— ———
2.05 0 - 0.3 - 1.7
2.10 - 1.2 - 1.4 - 0.2
2.15 - 1.6 - 1.0 - 1.5
2.20 - 0.3 - 0.6 - 1.0
2.25 - 0.5 - 0.7 - 0.7
2.30 - 0.2 - 0.1 - 0,6
2.35 + 0.5 + 0.3 = 0.1
2.40 - 0.5 - 0.6 + 0.2
2.45 - 1.0 - 1.3 - 0.8
2.50 - 0.4 - 0.7 - 1.1
2.55 - 0.6 - 1. - 0.3
2.60 - 0.6 - 0.3 - 0.8
2.65 - 0.6 - 0.7 - 0.8
2.70 - 0.8 - 0.9 + 0.1
2.75 - 0.6 - 0.5 +14.2
2.80 - 0.3 + 1.6 +23.7
2.85 - 0.6 +16.1 +30.3
2.90 +1.9 +27.0 +34.7
2.95 +16.8 +34.0 +37.2
3.00 +25.9 +36.5 +39.0
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Air
250
451
478

200
453
484
AP(inHg) aP(inHg)

Air

150

457

490
AP(inHg)

Air

100

466

499
AP(inHg)

Air

50
478
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AP(inHg)

Air

Injectant
Pos (gsig)
T . (°R)
P
Tos ("R)
X(in
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TABLE F2. (Continued)
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TABLE F3

Date: 2 November 1967

Test Conditions:
Angle of Attack 50
Slot Width 0.012 inches
Barometric Pressure 14.45 psia
Local Static Pressure 22.10 psia

Data:
Injectant Air Air Air Air - Air
P, (psig) 50 100 150 200 250
Top (OR) 482 470 465 462 459
Too (°r) 505 497 492 487 485

X(in) AP(inHg)  AP(inHg) aP(inHg)  AP(inHg) AP(inHg)

0.75 - + 2.6 -— - -—-
0.85 ~—- - 0.3 ——- 0.5 -—-
0.95 - + 0.2 - 0.6 - 0.2 - 0.4
1.05 - 0.5 + 0.3 - 0.1 0
1.25 0 - 0.1 - 0.3 + 0.1
- 1.35 + 0.1 - 0.3 - 0.2 - 0.3 - 0.1
1.45 - 0.1 + 0.3 - 0.3 - 1.3 - 0.3
1.55 - 0.3 - 1.0 - 1.1 - 1.2 - 0.9
1.65 - 1.0 - 0.6 - 1.1 - 1.3 - 1.0
1.75 --- -—- - - —--
1.85 - 0.7 - 0.2 - 0.2 - 0.5 - 0.5
1.95 - 0.3 - 1.5 - 1.8 - 1.9 - 1.7
2.05 - 1.7 + 0.3 - 0.1 - 0.1 0
2.10 + 0.] - 0.5 - 0.9 + 0.1 - 0.7
2.15 - 0.7 - 0.9 - 1.2 - 1.2 - 1.1
2.20 - 1.2 + 0.2 0 - 1.3 - 0.2
2.25 - 0.1 + 0.3 0 - 0.2 - 0.1
2.30 - 0.1 + 0.6 + 0.5 + 0.5 + 0.5
2.35 + 0.4 + 0.4 + 0.1 + 0.6 + 0.5
2.40 _ 0.1 + 0.2 +.0.4 - 0.1 - 0.5
2.45 + 0.1 - 0.1 0 - 0.7 - 0.4
2.50 - 0.5 0 + 0.5 + 0.5 + 0.1
2.55 + 0.2 - 0.3 - 0.2 + 0.3 + 1.1
2.60 - 0.5 + 0.1 0 + 0.3 + 4.3
2.65 + 0.1 + 0.3 + 0.2 + 3.2 +17.7
2.70 + 0.3 + 0.1 + 0.8 +14.4 +25.1
2.75 + 0.1 ——- -—- cm- -——
2.80 + 0.5 + 2.5 +18.8 +27.8 +32.5
2.85 + 0.5 +16.3 +28.4 +32.6 +35.5
2.90 +.1.4 +24.7 +32.0 +34.4 +36.8
2.95 +18.4 +28.8 +32.6 +36.3 +37.9
3.00 +24.3 +30.5 +32.1 +37.3 +38.3
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TABLE F3. (Continued)

Data:

Injectant  Air - Air Afr Air Air

Pos (psig) 50 100 150 200 250

Top (°R) 482 470 465 462 459

Tos (°R) 505 497 492 487 485
X(in) AP(inHg)  AP(inHg) AP(inHg) aP(inHg) 4P(inHg)
3.20 - 9.8 -26.3 -29.3 -28.6 -28.6
3.25 - 2.4 -18.7 -24.8 -26.7 -26.9
3.30 - 1.2 - 9,2 -17.7 =23.7 -25.9
3.35 + 0.1 - 2.3 - 8.6 -16.6 -21.8
3.40 + 0.4 + 0.4 - 1.6 - 8.2 -13.0
3.50 0.0 « 0,1 - 1.0 - 2.7 = 4.6
3.60 + 0.6 + 1.7 + 2.2 + 0.9 + 0.2
3.70 ——= - .- .- ---
3.85 + 1.0 +1.9 + 2.8 + 3.0 + 3.4
4.00 - 0.6 + 0.4 + 1.1 + 1.4 + 1.6
4.15 - - eww -- --
4.30 = 0.6 - 0.8 - 0.7 - 0.9 - 1.~
4,55 -2.8 - 4,5 - 5.0 -5.4 - 6.0
4.80 - 1.8 - 3.8 - 4.8 - 6.3 - 7.7
5.05 + 0.2 - 0.6 - 2.6 - 4.4 - 5.2
5.30 - 0.4 - 019 - 1.3 -1.9 -1.0
5.55 - 0.5 - 0.7 - 0.8 <= 0.7 - 0.4
5.80 - 0.9 - 0.6 - 0.8 - 0.3 + 0.1
6.05 - 0.9 - 0.8 - 0.5 + 0,2 + 0.6
6.30 - 1.8 - 1.3 - 1.2 - 0.6 - 0.5
6.55 - 3.1 - 1.8 - 3.5 -1.8 - 4.3
6.80 - 0.2 + 3.4 - 1.4 + 1.3 - 1.0
7.05 + 0.2 + 0.7 - 1.6 - 0.1 - 1.9
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TABLE F4

Date: 9 November 1967

Test Conditions:
Angle of Attack 0 degrees
Slot Width 0.012 inches
Barometric Pressure 14.52 psia
Local Static Pressure 16.10 psia

Data:
Injectant Air Air Air Air Air
Pos (Psig) 50 100 150 200 250 .
pr (9R) 487 478 472 468 467
Tos (°R) 510 501 495 490 488
X(in) AP(inHg) AP(inHg)  AP(inHg) aP(inHg) AP(inHg)
.75 - 0.1 + 0.] ——- —— -——
.85 + 0.8 - 1.6 ——- - -
.95 + 0.3 - 0.1 0.0 0.0 0.0
1.05 + 0.5 - 0.3 - 0.7 - 0.7 - 0.7
1.25 - 2.3 - 1.8 - 0.3 - 0.2 - 0.2
1.35 - 0.8 - 0.4 - 0.5 - 0.6 - 0.4
1.45 - 0.8 - 0.5 - 1.7 - 2.1 - 1.8
1.55 - 1.6 - 1.4 - 0.5 - 0.9 - 0.8
1.65 - 0.8 - 0.5 - 0.7 - 0.8 - 0.8
1.75 ——- - -——- --- -
1.85 - 0.5 - 0.2 - 1.6 - 1.8 - 0.8
1.95 - 1.3 - 0.9 - 0.5 - 2.1 - 0.3
2.05 +1.4 + 2.0 - 0.9 - 3.4 - 1.4
2.10 - 1.0 - 0.3 + 2.0 - 0.3 + 1.7
2.15 - 1.3 - 0.5 - 0.3 - 2.6 - 0.4
2.20 - 1.3 - 1.1 - 0.6 - 3.1 - 0.4
2.25 - 0.2 0 - 1.4 - 3.7 - 1.7
2.30 + 1.8 + 2.3 - 0.4 - 2.4 - 0.3
2.35 +1.2 +1.8 +2.4 +0.1 +2.3
2.40 - 1.0 -—- +1.9 - 0.4 + 1.7
2.45 - - 0.9 - 0.9 - 3.5 - 1.3
2.50 - 0.7 - 0.8 - 0.2 - 0.1 + 0.2
2.55 + 0.1 + 0.9 +1.0 + 0.8 + 1.2
2.60 +0.9 +1.4 1.3 +1.0 +1.4
2.65 + 0.6 + 0.9 + 0.8 + 0.6 + 3.3
2.70 - 1.1 - 1.7 - 0.7 - 0.3 + 7.2
2.85 - .- ——— ——- -———
2.80 - 0.1 + 0.7 + 0.6 +17.0 +22.9
2.85 + 0.7 + 6.8 +19.5 +24.0 +27.4
2.90 +1.3 +17.4 +23.7 +26.2 +28.3
2.95 +11.0 +21.9 +25.8 +27.5 +29.2
3.00 +17.7 +25.2 +28.5 +29.9 +31.6



114

250
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Air

Air
200
468
490
AP(inHg) AP(inHg)

150
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495
AP(inHg)

Air

Air
100
478
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AP(inH

Air

50
487
510
AP(inH

(°R)
(°R)

X(in)

P

Pos IPsig)
TOS

Injectant

TABLE F4 (Continued)
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TABLE F5

Date: 8 November 1967

Test Conditions:
Angle of Attack -5 degrees
Stot Width 0.012
Barometric Pressure 14,52 psia
Local Static Pressure 13.10 psia

Data:

‘Injectant Air Air Air Air Air

Pos (psig) 50 100 150 200 250

Top (OR) 463 458 454 452 452

Tos (°R) 492 488 485 - 482 480
X(in)  aP(inHg) AP(inHg) aP(inHg) AP(inHg) aP(inHg)
0.75 - - --- ——— -~-
0.85 - - + 0.7 + 0.7 + 0.8
0.95 + 0.9 + 0.8 + 0.6 + 0.6 + 0.6
1.05 + 0.6 + 0.6 + 0.5 + 0.6 + 0.4
1.25 + 0.5 + 0.5 + 1.1 + 1.1 + 1.2
1.35 + 1.4 +1.0 + 0.4 - 0.3 - 0.4
1.45 - 1.4 - 1.4 + 0.2 + 0.1 +0.3
1.55 - 0.8 - 0.9 - 1.0 - 1.0 - 1.0
1.65 - 1.9 - 2.0 - 0.5 =~ 0.5 - 0.6
1.75 -—- -—- -—- - -—-
1.85 - 1.0 - 1.0 - 0.1 - 0.1
1.95 - 1.4 - 1.7 - 0.7 - 0.7 - 0.7
2.05 + 0.7 + 0.6 +1.5 +1.6 -1.6
2.10 - 2.0 - 1.9 - 1.0 - 0.9 - 0.8
2.15 - 1.8 - 2.0 - 1.0 - 1.0 - 1.1
2.20 - 0.9 - 1.2 - 0.2 - 0.2 - 0.2
2.25 - 0.7 - 0.7 + 0.2 +0.2 + 0.5
2.30 - 0.8 - 0.8 + 0.2 + 0.2 + 0.4
2.35 - 0.5 - 0.5 + 0.6 + 0.6 + 0.6
2.40 - 1.2 - 1.3 - 0.2 - 0.1 - 0.1
2.45 - 0.4 - 0.8 + 0.2 + 0.2 + 0.4
2.50 + 0.6 - 0.4 + 0.6 + 0.4 +2.9
2.55 - 0.3 - 1.4 - 0.4 +10.9
2.60 + 0.5 - 0.7 + 0.3 +11.5 +19.6
2.65 +0.4 - 0.5 +4.3 +17.3 +22.0
2.70 - 0.7 - 1.4 +7.9 +17.7 +22.9
2.75 ——— -——— ——- - -
2.80 - 0.5 +12.5 +19.9 +22.6 +25.9
2.85 + 3.3 +18.6 +22.7 +23.7 +27.0
2.90 +14.8 +21.3 +23.8 +24.1 +26.0
2.95 +18.7 +23.7 +25.7 +25.6 +28.6
3.00 +20.7 +24.5 +25. +25.5 +28.8
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TABLE F5 (Continued)

Data:
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TABLE F6
Date: 28 November 1967

Test Conditions:

Angle of Attack. 15 degrees

Slot Width 0.024 inches

Barometric Pressure 14,58 psia

Local Static Pressure 34.23 psia

Data: .

Injectant Air Air Air

Pos (psig) 50 100 150

Top (°R) 450 444 44

Tos (°r) 490 482 474
X(in) AP(inHg) AP(inHg)  AP(inHg)
0.75 - 0-] - 0.3 0
0.85 + 0.2 0 + 0.2
0.95 - 0.2 - 0.9 - 0.3
1.05 + 0.2 - 0.1
1.25 = 0.1 - 0.2 - 0.2
1.35 0.0 - 0.4 - 0.3
1.45 - 0.2 - 0.5 - 0.4
]-55 - 002 - 0.5 - 007
1.65 0.0 0.0 + 0.1
1.75 - --- ——-
1.85 - 0.2 - 0.7 - 0.4
1.95 0.0 - 1.2 -~ 0.1
2.05 - 0.1 - 0.3 - 0.2
2.10 - 0.1 -0.3 - 0.3
2.15 - 0.2 - 0.6 - 0.3
2.20 - 0.2 - 0.5 + 0.4
2,25 - 0.2 - 0.6 - 0.5
2.30 - 0.1 - 0.4 - 0.1
2.35 - 0.3 - 0.7 - 0.5
2.40 - 1.4 - 0.8 - 0.8
2.45 - 1,1 - 0.4 - 0.3
2.50 0.0 - 0.8 + 0.3
2.55 --0,2 - 0.6 + 1.2
2.60 - 0.3 - 0.7 +12.2
2.65 - 0.1 -0.3 +24.8
2.70 0.0 + 1.7 +31.8
2.75 0.0 +13.9 +36.6
2.80 = 0.1 +28.0 +40.1
2.85 +0.1 +35.1 +42.1
2.90 - +14.4 +39.6 +44.3
2.95 +25.2 +42.6 +44.3
3.00 +25.0 +42.8

Air
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TABLE F6. (Continued)

Data:

Injectant Air Air Air Air Air

Pos (psig) 50 100 150 200 250

Top (°r) 450 4 441 440 440

Tos (°R) 490 482 474 467 463
X(in) AP(inHg) AP(inHg) AP(inHg) aP(inHg) AP(inHg)
3.20 "20 06 -4209 "'42 04 . "4] 09 "'42 03
3.25 - 5.3 -39.2 -41.3 ° =41.0 -41.0
3.30 - 2.6 '2701 ) ‘40-] '41 03 '4290
3.35 - 1.3 -10.3 -32.6 -38.4 -41.1
3.40 - 1.1 -4.,9 -22.5 -33.9 -38.6
3.50 - 1.1 - 0.5 - 7.2 -19.2 -26.2
3.60 - 0.9 - 0.4 - 3.7 - =9.0 -16.1
3.65 -——- = ——— ~-- -
3.70 - 0.3 + 1.6 + 1.5 - 1.0 - 5.3
3.80 - ].5 - 007 - 0‘5 - 107 - 408
3.85 - 1.0 - 0.8 - 0.4 - 1.3 - 3.6
3.90 - 0.7 - 0.7 - 0.4 - 0.4 - 1.5
4.05 - 0.3 + 1.1 + 1.9 +1.8 + 0.9
4.20 - 0.3 + 0.5 + 0.8 + 0.8 + 0.1
4.35 - 0.3 + 0.8 _ 1.5 + 1.2 + 0.6
4.55 - 0.6 + 0.2 + 0.5 + 0.4 - 0.1
4.80 -0.2 _ 0.2 + 0.4 + 0.1 - 0.6
5.05 - 0.3 - 0.1 - 0.4 - 0.9 - 1.6
5.30 - 0.9 - 1.0 - 1.3 - 1.7 - 2.5
5.55 - 1.1 - 1.8 - 1.5 - 1.7 - 2.8
6.05 - 0.7 - 1.6 + 0.9 - 0.2 - 4.2
6.55 - 0.6 - 0.6 - 0.5 - 1.2 - 2.9
7.05 - 0.8 - 1.6 - 0.9 - 0.7 - 3.3
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TABLE F7
Date: 29 November 1967

Test Conditions:
Angle of Attack 10 degrees
Slot Width 0.024 inches
Barometric Pressure 14.46 psia
Local Static Pressure 27.64 psia

Data:

Injectant Air Air Air Air Air

POS (psig) 50 100 150 200 250

Top (°R) 453 "~ 445 443 443 443

Tos (°r) 494 485 478 473 470
X(in) AP(inHg) AP(inHg)  AP(inHg) aP(inHg) AP(inHg)
0a85‘ - 012 - 0.2 - 0.2 - 0.2 il 0-]
0.95 + 0.1 - 0.2 0.0 + 0.1 + 0.7
1.05 - 0.1 - 0.1 0.0 - 0.1 0.1
1.25 - 0.1 - 0.4 + 0.1 - 0.1 - 0.3
1.35 + 0.1 - 0.3 - 0.1 - 0.1 0.0
1.451 + 0.2 = 0.3 - 0.1 - 0.3 - 0.2
1.55 + 0.1 - 0.4 - 0.2 - 0.4 - 0.2
1.65 0.0 - 0.1 0.0 - 0.1 - 0.3
1.75 + 0.1 - 0.1 - 0.1 - 0.2 - 0.2
1.85 + 0.2 - 0.2 + 0.2 - 0.2 - 0.2
1.95 0.0 - 0.3 - 0.1 - 0.2 - 0.3
2.05 + 0.2 0.0 + 0.2 0.0 0.0
2.10 + 0.1 - 0.3 0.0 - 0.2 - 0.2
2.15 0.0 - 0.4 - 0.2 - 0.4 - 0.3
2.20 - 0.1 - 0.4 - 0.3 - 0.3 - 0.5
2.25 + 0.1 - 0.3 - 0.2 - 0.1 - 0.3
2.30 + 0.1 - 0.3 0.0 - 0.3 - 0.2
2.35 + 0.1 - 0.3 0.1 - 0.2 - 0.1
2.40 + 0.3 - 0.2 - 0.1 - 0.3 - 0.4
2.45 - 0.1 - 0.4 - 0.2 - 0.2 +7.5
2.50 0.0 - 0.7 0.0 + 0.9 +12.5
2.55 + 0.1 + 0.2 + 0.6 + 8.7 +27.0
2.60 + 0.1 + 0.2 + 4.3 +22.1 +32.6
2.65 + 0.1 + 0.2 +13.9 +29.8 +36.1
2.70 + 0.1 + 0.4 +24.6 +34.0 +38.0
2.75 + 0.2 + 7.4 +30.6 +37.0 +39.7
2.80 + 0.3 +24.5 +35.9 +39.2 +41.0
2.85 + 4.1 +31.7 +37.4 +40.6 +41.6
2.90 +20.8 +35.9 +39.6 +42.0 +42.1
2.95 +27.6 +38.2 +40.2 +41.1 +41.3
3.00 +30.1 +40.1 +40.5 +42.1 +41.,7



120

Air
250
443
470

Air
200
443
473
AP(inHg) aP(inHg)

150

443

478
AP(inHg)

Air

Air

100

445

485
AP(inHg)

50

AP(inHg)

Air

njectant
os (PEi0)
X(in)

TABLE F7 {Continued)
i
P
1
k]

Datas

......................
N I TTNINOOOCO 00O NO
—

t

| S T U S S T N R B B BN B N

............
r~ 0 -2200]2000]]]0]2
.

[ I |

[ I I B N B A N B S

L] e -« ® & ©® ¢ | e % » © ® s s & s o

[ 20 N ] 0]00]‘.0000]]030
—

1t

1t 1+t
.................
73626]0.0]000000]000002
M) =
8 8 8 0 8 v o2 4 ¢+ B b )

NGO § 522]]5320776576
~SOMe—e OO0 -2]00]0]00000002

E 8 ¢ 8 3 8 9 8 8 5 8 8B <+ 8 008 b 4 b4
WOWOOoOOWOOQUOHIOWOQIDW L O W WL
23?m45667889023w500035050

e » ® & ®B & @ & % § 8 e » o = » & o B @ v & P



121

TABLE F8
Date: 1 December 1967

Test Conditions:

Angle of Attack 5 degrees

Slot Width 0.024 inches
Barometric Pressure 14.48 psia
Local Static Pressure 21.97 psia

Data: »

Injectant Air Air Air Air Air

Pos (psig) 50 100 150 200 250

Top (°R) 454 449 444 444 443

Tos (°r) 492 485 478 474 471
X(in) AP(inHg) AP(inHg)  aP(inHg) AP(inHg) AP(inHg)
0.75 - + 0.1 + 0.3 - 0.4 0.0
0.85 + 0.2 0.0 + 0.1 + 0.3 0.0
0.95 - 0.3 0.0 + 0.1 + 0.3 = 0,2
1.05 + 0.1 - 0.1 0.0 - 0.2 + 0.1
1.25 + 0.1 0.0 + 0.1 - 1.1 0.0
1.35. + 0.2 0.0 0.0 - 1.2 - 0.1
1.45 + 0.1 - 0.1 0.0 - 0.2 0.4
1.55 + 0.1 - 0.1 + 0.3 0.0 - 0.1
1.65 + 0.2 0.0 + 0.1 - 0.1 -
1.75 - - - o= .-
1.85 + 0.1 - 0.1 + 0.3 - 0.3 - 0.2
1.95 + 0.1 - 0.2 - 0.1 + 0.6 0.1
2.05 + 0.2 - 0.7 + 0.6 - 0.1 - 0.1
2.10 + 0.1 - 0.1 0.0 - 0.2 0.0
2.15 + 0.2 0.0 0.0 - 0.1 - 0.1
2.20 + 0.1 0.0 + 0.1 - 0.1 + 0.1
2.25 + 0.4 + 0.2 + 0.2 + 0.1 + 0.1
2.30 + 0.2 0.0 + 0.2 0.0 + 0.4
2.35 + 0.3 0.0 0.0 - 0.1 - 0.3
2.40 + 0.2 0.0 + 0.1 0.0 0.0
2.45 + 0.2 + 0.1 + 0.2 + 0.1 +10.2
2.50 + 0.6 + 0.5 + 0.6 + 1.6 +15.5
2.55 + 0.2 - 0.1 +0.4 +10.1 +25.7
2.60 + 0.2 0.0 + 5.8 +22.1 +30.4
2.65 0.0 + 0.2 +17.7 +28.3 +33.0
2.70 + 0.1 + 3.0 +24.3 +31.3 +34.3
2.75 o o cow - o=
2.80 + 0.8 +14.5 +32.2 +35.6 +36.2
2.85 +10.7 +29.7 +34.4 +37.4 +37.4
2.90 +21. +32.1 +35.1 +37.7 +36.7
2.95 +30.5 +39.0 +38.7 +41.5 +41.6
3.00 +35.0 +40.8 +38.8 +43.1 +43.6
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TABLE F9
Date: 5 December 1967

Test Conditions:
Angle of Attack 0 degrees
Slot Width 0.024 inches
Barometric Pressure 14.50 psia
Local Static Pressure 17.39 psia

Data:

InJectant Air Air Air Air Air
s (psig) 50 100 150 200 250
(°R) 458 451 450 449 449
(°R) 449 490 484 478 473

X(in) AP(inHg)  AP(inHg) aP(inHg) aP(inHg) AP(inHg)
0.75 ——- - - - 0.1 -
0.85 - 0.1 +0.1 + 0.1 + 0.1 + 0.1
0.95 + 0.1 +0.3 + 0.3 - 0.2 +0.3
1.05 - 0.1 + 0.1 0.0 - 0.2 - 0.1
1.25 - 0.2 + 0.2 - 0.1 - 0.3 - 0.1
1.35 - 0.2 + 0.1 - 0.1 - 0.3 - 0.1
1.45 + 0.1 + 0.2 0.0 - 0.3 0.0
1.55 +0.1 + 0.4 0.0 < 0,2 0.0
1.65 0.0 + 0.1 - 0.1 + 0.5 - 0.1
1.75 - —— - .- .-
1.85 + 0.1 + 0.3 0.0 - 0.2 - 0.1
1.95 +1.0 + 0.4 +1.3 +1.2 + 0.5
2.05 - 0.1 + 0.1 0.0 +0.7 0.0
2.10 - 0.3 + 0.3 - 0.2 - 0.4 - 0.3
2.15 + 0.2 + 0.5 + 0.7 +0.8 + 0.9
2.20 + 0.1 +0.3 0.0  -0.2 - 0.2
2.25 - 0.1 + 0.2 +0.3 0.0 + 0.1
2.30 - 0.2 +1.0 - 0.1 0.0 + 0.5
2.35 0.0 +1.3 0.0 - 0.2 + 0.4
2.40 + 0.1 + 0.4 + 0.2 +0.2 + 0.4
2.45 + 0.3 + 0.3 - 0.1 +0.7 +1.1
2.50 + 0.2 + 0.4 + 0.3 +7.6 +18.8
2.55 +0.3 +0.2 + 4.6 +20.5 +20.6
2.60 + 0.5 + 0.4 +16.1 +25.0 +25.8
2.64 + 0.6 +1.8 +20.8 +26.5 +28.6
2.70 + 0.3 +4.3 +22.3 +27.6 +29.5
2.75 o mmm —— .- -
2.80 + 2.3 +22.4 +27.2 +30.4 +27.9
2.85 +16.8 +27.2 +29.8 +31.1 +30.4
2.90 +21.3 +28.4 +30.2 +30.8 +30.7
2.95 +24.4 +29.7 +30.7 +31.0 +31.3

3.00 +28.4 +32.2 +32.1 +33.4 +35.0
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TABLE F9. (Continued)

Data:

Injectant Air Air Air Air Air

POs (psig) 50 100 150 200 250

Top (OR) 458 451 450 449 449

Tos (°Rr) 499 490 484 478 473
X(in) AP(inHg)  AP(inHg) AP(inHg) aP(inHg) aP(inHg)
3.20 -21.5 -22.9 -22.2 -21.9 -24.9
3.25 -16.8 -21.5 -20.9 -20.5 -21.4
3.30 - 8.3 -19.7 -20.8 -20.7 -21.2
3.35 - 2.5 -14.5 -20.0 -22.3 -23.5
3.40 - 1.5 - 7.2 -13.7 -18.7 -21.7
3.50 - 1.4 - 4.9 - 9.8 -14.4 -18.0
3.60 + 0.1 - 2.3 - 3.6 - 6.2 - 8.7
3.65 -—- -—- --- --- .-
3.70 + 0.5 + 0.4 - 1.2 - 2.4 - 3.7
3.80 0.0 + 0.1 = 0.9 - 1.6 - 4.0
3.85 + 0.4 + 0.4 - 0.6 - 1.5 - 3.3
3.90 —— —- .- - -
4.05 + 0.8 _ 2. + 2.1 + 1.0 +1.0
4.20 - 0.5 - 0.3 0.0 - 0.1 + 1.7
4,35 - 2.8 -1.9 - 2.1 - 1.4 - 3.8
4.55 - 1.5 - 2.1 - 2.4 - 1.5 - 2.3
4.80 - 2.5 - 3.4 -~ 3.4 -2.4 - 2.4
5.05 - 2.2 - 1.7 - 1.8 - 1.9 - 1.2
5.30 - 0.9 - 0.8 - 0.7 - 0.9 - 0.4
5.55 - 0.5 - 0.1 + 0.1 0.0 + 0.3
6.05 - 0.2 + 0.1 + 1.2 + 1.6 + 0.4
6.55 0.0 + 0.4 + 0.3 + 2.2 + 1.1
7.05 + 0.2 +1.0 +1.5 +1.9 + 1.1
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TABLE F10

Date: 6 December 1967

Test Conditions:
Angle of Attack -5 degrees
Slot Width 0.024 inches
Barometric Pressure 14.41 psia
Local Static Pressure 13.48 psia

Data:

Injectant Air Air Air Air Air

P, (psig) 50 100 150 200 250

Top (°r) 469 461 459 458 457

Tos (°r) 503 496 490 488 483
X(in) AP(inHg)  aP(inHg) AP(inHg) aP(inHg) aP(inHqg)
0.75 + 0.1 0.0 - 0.1 - + 0.1
0.85 + 0.1 0.0 + 0.1 + 0.1 0.0
0.95 + 0.1 +0.1 0.0 - 0.1 0.0
1.05 + 0.1 + 0.1 0.0 0.0 +0.1
1.251 + 0.1 0.0 + 0.1 + 0.1 +0.2
1.35 +0.2 + 0.1 0.0 0.0 +0.1
1.45 + 0.1 + 0.1 - 0.1 0.0 +0.1
1.55 0.0 0.0 +0.1 - 0.1 +0.2
1.65 + 1.1 +.0.2 - 1.1 - 0.3 + 0.3
1.75 0.0 + 0.1 +0.3 +0.1 -
1.85 - 0.1 0.0 - 0.1 - 0.2 -0.2
1.95 + 0.1 + 0.2 +0.1 +0.3 + 0.6
2.05 0.0 = 0.1 -1.0 - 0.2 - 0.2
2.10 + 0.2 + 0.1 + 0.2 +0.] + 0.4
2.15 + 0.2 + 0.3 + 0.4 + 0.4 + 0.8
2.20 - 0.1 +0.1 0.0 + 0.2 +0.5
2.25 - 0.2 - 0.2 - 0.2 - 0.2 +0.2
2.30 - 0.1 0.0 -1.2 - 0.5 - 0.6
2.35 - 0.2 - 0.2 - 0.2 0.0 +0.1
2.40 - 0.3 - 0.3 0.0 + 0.1 + 0.1
2.45 - 0.5 - 0.4 . 0.0 +0.9 +13.9
2.50 + 0.6 + 0.5 +0.8 +11.9 +20.8
.255 0.0 0.0 +0.8 +13.8 +19.6
2.60 0.0 0.0 + 3.0 +19.9 +22.7
2.65 0.3 +2.4  418.2 +23.0 +26.2
2.70 +0.3 +6.3 +20.0 +23.5 +26.2
2.75 - - - — -
1.80 +1.0 + 8.3 +10.8 +23.1 +24.2
2.85 +5.2 +21.9 +24.1 +25.0 +25.4
2.90 + 8.7 +22.2 +24.6 +25.4 +25.8
2.95 +12.4 +25.0 +25.2 +25.6 +25.5
3.00 +13.9 +24.1 +24.3 +24.8 +24.6



TABLE F10. (Continued)

Data:

Injectant Air Air Air

Pos (psig) 50 100 150

Top (9R) 469 461 459

Tos (°r) 503 496 490
X(in) AP(inHg)  AP(inHg) AP(inHg)
3.20 -15.7 -17.9 -16.0
3.25 -12.5 -16.6 -16.4
3.30 - 9.1 -16.2 -16.7 .
3035 - 2.8 ‘]1‘9 ']5.5
3.40 - 1.0 - 7.9 -13.4
3.50 - 2.2 - 5.5 - 9,2
3.60 - 0.7 - 3.3 - 4.8
3.65 - - -
3.70 + 0.3 - 1.6 - 2.2
3.80 - 0.3 - 2.5 - 24,
3.85 + 1.0 - 0.3 - 1.3
3.90 +1.5 + 0.1 - 1.
4.05 + 0.6 +04 +0.1
4.20 +1.5 + 0.5 + 0.6
4.35 = 0.2 - 1.8 -2.2
4.55 +1.8 +0.8 - 0.1
4.80 + 0.3 - 1.5 - 1.8
5.05 - 0.6 =1.6 - 1.8
5.30 - 0.1 - 1.3 - 1.8
5.55 + 0.4 - 0.8 - 1.1
6.05 + 0.5 - 0.5 - 0.4
6.55 - 0.3 - 1.6 - 1.2
7.05 + 0.3 - 0.8 + 0.2

Air Air
200 250
458 457
488 483
aP(inHg) AP(inHg)
-1800 -]805
-16.0 -16.4
-16.4 -16.6
-15.7 -16.2
-15.6 -16.9
-12.6 -14.9
- 70 - 9.8
- 2.2 - 3.0
-2.9 -4.4
- 2.1 - 2.8
- ]og - 2.6
- 0.6 - 1.2
+ 0.8 + 0.8
-2.5 - 3.1
- 0.5 01.0
- 1.6 - 1.8
- 1.7 - 2.1
- 2.0 - 2.4
- 1.2 - 1.6
0.0 - 0.3
- 1.2 - 2.0
+ 0.5 - 0.9

126
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TABLE F11

Date: 4 December 1967

Test Conditions:
Angle of Attack 5 degrees
Slot Width 0.024 inches
Barometric Pressure 14.53 psia
Local Static Pressure 22,08 psia

Data:

Injectant Argon Helium Nitrogen Argon

Pos (psig) 150 150 150 200

Top (°R) 451 456 453 451

Tos (°R) 473 492 484 463

X(in) AP(inHg) AP(1inHg) AP(inHg)  AP(inHg)

0.75 -—- --- .- -
0.85 - 0.1 - 0.4 - 0.1 0.0
0.95 + 0.31 - 0.3 + 0.1 + 0.1
1.05 + 0.11 - 0.4 0 + 0.1
1.25 + 0.3 - 0.2 + 0.1 + 0.2
1.35 + 0.4 - 0.3 0 + 0.2
1.45 + 0.1 - 0.4 + 0.1 0.0
1.55 _ 0.1 - 0.4 0 - 0.2
1.65 + 0.8 - 0.3 + 0.2 - 0.2
1.75 0.0 - 0.5 0 - 0.1
1.85 _ 0. - 0.4 + 0.1 - 0.1
1.95 0.0 - 0.3 + 0.1 - 0.1
2.05 0.0 - 0.4 - 0.2 - 0.2
2.10 + 0.1 - 0.4 _ 0.2 - 0.1
2.15 0.0 = 0.3 0.0 - 0.2
2.20 _ 0.9 - 0.1 0.0 - 0.2
2.25 + 0.1 - 0.2 _ 0.2 _ 0.1
2.30 - 0.2 - 0.4 - 0.1 - 0.2
2.351 0.0 0.0 0.0 0.0
2.40 + 0.1 - 0.2 0.0 + 0.1
2.45 - 0.1 - 0.2 + 0.1 - 0.5
2.50 + 0.4 + 0.6 + 0.4 + 5.1
2.55 +1.2 + 4.8 + 0.6 +16.9
2.60 +10.1 +17.8 + 6.7 +25.5
2.65 +20.3 +25.4 +18.6 +29.7
2.70 +25.6 +29.0 +25.0 +31.8
2.75 --- ——- -— ---
2.80 +30.3 +33.5 +32.0 +34.8
2.85 +33.8 +35.7 +34.1 +36.6
2.90 +34.6 +36.2 +34.6 +36.3
2.95 +33.8 +36.5 +33.2 - +33.6

3.00 +33.4 +36.8 +32.8 +33.4
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TABLE F11. (Continued)

" Data:

Injectant Argon Helium Nitrogen Argon

Pos (psig) 150 150 150 200

Top (°R) 451 456 453 451

Tos (°R) 473 492 484 463
X(in) AP(inHg) aP(inHg) AP(inHg) AP(inHg)
3.20 -29.9 -25.9 -31.2 -29.7
3.25 -29.3 =25.6 -30.2 -29.1
3.30 -29.2 -25.6 -28.4 =29.2
3.35 -26.7 -23.7 -23.4 -29.2
3.40 -20.8 -15.4 - =16.7 -26.4

- 3.50 - 9.6 - 4.1 - 8.3 -17.6
3.60 - 3.5 + 0.5 - 3.7 - 8.0
3.65 -—- .- --- ——-
3.70 - 1.9 + 1.3 =25 - 3.6
3.80 0.3 + 2.0 - 0.3 - 1.2
3.85 + 0.1 + 1.4 + 0.1 ~ 0.3
3.90 = - ——- ———
4.05 + 1.2 + 1.0 + 1.3 + 0.9
4.20 - 0.3 + 0.7 - 0.1 - 0.2
4.35 - 1.4 - 0.4 - 1.7 - 1.4
4.55 - 2.4 - 1.1 - 2.8 - 3.3
4.80 - 1.5 - 0.9 - 1.8 - 2.1
5.05 - 0.3 - 0.7 - 0.3 - 0.7
5.30 + 0.2 - 0.2 + 0.3 + 0.1
5.55 + 0.9 + 0.7 + 0.9 +1.0
6.05 + 0.9 - 0.1 + 1.8 + 1.2
6.55 + 0.7 < 0.5 + 0.5 + 0.8
7.05 0.0 - 1.1 + 0.1 + 0.3
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TABLE F12

7 December 1967

Date:

<
-
. 74
%‘ap
.-|7
vy
s-mps
QC .
Q o= O -
S ™M N
Otk o
QN T
T O e
. @
no S
» 3
S
@ 9
vy
K¥4 0 S
(84 @ Q.
< } 3
oo dd o O
[L ye
< S O
Q ) o= A3
v G T S
= O e S )
o wm
T @ —
S O
nw DO & O
e g O
= 7o I < o Y
-
o
-

Data:

Nitrogen
100"

Nitrogen
50

Helium
100

Helium
50

Argon
100

Argon
50

Injectant
Pos (Psig)

o O
n 0
< <
0~
nn N
< <
™M
n O
<t <
™M M~
0 N
< <
™ 0
n O
T <
XX O
w0 O
< 0
e~
o o
[~

N
3.8
-

AP(inHg) AP(inHg) AP(inHg) AP(inHg) aP(inHg)  AP(inHg)

X(in),

222]2433342333233]]220227 CON OV 0 N
..................... . o . L]
.0000000000000000000000003. ODem NI O
] I NN
....:......=.......==. t 4+ + 1

823]23242422]2]]]02]42] N NNM

» . 2

..00000000000000000000000.

' | 3 e\ O D
[ S T T NN T T T T T N N R N SN RN A B B | LI T B | I

1-110001-1.-2]2]]]]]]]O]]Z]O]Z ONO TN

e e & & ¢ °o e 2 e @ @ @ e e o3 & e &+ o ° * o s L] LI 3 . L]

0000000000000000000000023
[ I | [ I TN " T S B N N I B B | + 4+ 4+ 1 ++

+24
+30
+32
+33
+32

]]1]]332]22]]0]]]]0000]1!0 WO T NN

oooooooooooooooooooooooooooooo

0000000000000000000000000 t OQOMANINO
PO T T T T R T "N TR S R B Lo+ [ t 4+ +]

1
+2
+2
+3

222]34433324333]22]3223]5 [ 3 R oV N o V|

.............................

0000000000000000000000003
[ I TR T N T N T R N N SN N SN RN B R O O A A A

+22
+29
+32
+32
+32

]22]]223]]]3]]02200]]0322 < M-
. ° L)
0000000000000000000000000-00&.&70

1
21,
2
3

[ S T S N NN AR NN R BN AN NN B | [ | [ 3} Pt dF b
WOV OWOWVIOWOWOWMOWIOWOLOLWO
NONMNOANMGWONOANAOr~rONNMNETTWDWDOWONNOONNO

oooooooooooooooooooooooooooooooo



130

100

453

496
AP(inHg)

Nitrogen

50
456
497

Nitrogen
AP(inHg)AP(inHg) _aP(inHg)

Helium
100
453
498

Helium
50
453
497

Argon
100
453
488

50

458
AP(inHg) AP(inH

Argon
500

(9R)

¢ (°R)
X(in)

Pos (Psig)
P

Injectant
)

To

TABLE F12 (Continued)
T

Data:

Qu.loo.lz.b.l 21..2 ]7953789228
. D
63..]5942 .]]0.002]000000]
N O N == '
.............+.._++++.+

994400 .0001:1!01!]000001!2
o g g 1
U T T T Y T T T T A SRR T RN B R BAE NN B B

0\ O C0 WO LD r—= 843 FHNOTANONONO

...................
01-1| “]02]0000002

[ I B 3K B BN [ A T T TR T NN N TN B D N B BN
MDOOMNIN 203 2657737708
....... - . L2 * L] L] L] L2 . ® -
QO MO0 OV M) = -I..Io F OO0ON~OOOOOOO !¢
NN i I ]
[ N T S R N O A N T N N IR B N B A A K S I |
=0k O NN oo ONNWOMNE LWL
....... ® L L - L] L[ 3 Ld * L] . . L]
—
DRI T T T R T T T T T T T O T O A R E R
OO OOONOOWMOWVIOWINOLL O
e R e e L e S R L R L S
.........
OO MMIMOMOMOMOOMST TSI OR



131

TABLE F13
Date: 8 December 1967
Test Conditions:

Angle of Attack 50

Slot Width 0.024 inches

Barometric Pressure 14.46 psia

Local Static Pressure 21.86 psia

Data:

Injectant Nitrogen ~  Nitrogen Ethane Ethane

Pos (psig) 50 100 50 _ 100

Top (°R) 453 457 454 454

T (R) 489 497 481 480
X(in) AP(inHg) AP(inHg) AP(inHg) AP(inHg)
0.75 - -—- --- -
0.85 - 0.2 - 0.0 - 0.2 - 0.2

- 0.95 - 0.2 - 0.1 - 0.1 - 0.1
1.05 - 0.1 + 0.1 - 0.1 - 0.1
1.25 + 0.1 - 0.2 - 0.2 0.0
1.35 0.0 - 0.1 - 0.1 - 0.1
1.45 - 0.3 - 0.1 - 0.2 - 0.1
1.55 - 0.3 - 0.1 - 0.2 - 0.1
1.65 + 0.3 - 0.1 - 0.2 + 0.3
1.75 - 0.3 - 0.2 - 0.2 - 0.2
1.85 - 0.2 - 0.1 - 0.2 - 0.1
1.95 - 0.4 - 0.1 - 0.3 + 0.3
2.05 - 0.3 0.0 - 0.3 - 0.1
2.10 - 0.3 - 0.1 - 0.2 - 0.1
2.15 - 0.2 0.0 - 0.1 0.1
2.20 - 0.3 + 0.1 - 0.1 0.0
2.25 - 0.2 + 0.1 - 0.2 0.0
2.30 - 0.2 + 0.1 - 0.2 - 0.1
2.35 - 0.1 + 0.3 0.0 + 0.1
2.40 = 0.1 + 0.2 0.0 + 0.3
2.45 - 0.1 + 0.1 - 0.2 0.0
2.50 - 0.1 + 0.11 0.0 + 0.3
2.55 - 0.1 - 0.1 - 0.3 0.0
2.60 - 0.3 - 0.2 - 0.4 - 0.2
2.65 - 0.4 + 0.3 - 0.3 + 0.2
2.70 - 0.2 + 4.1 - 0.3 + 3.5
2.75 -—- - -—— -—-
2.80 - 0.1 +22.6 - 0.2 +21.9
2.85 +11.0 +29.7 +9.4 +29.2
2.90 +21.2 +32.7 +20.9 +32.0
2.95 +26.6 +23.0 +26.9 +33.0
3.00 +30.2 +32.6 +30.9 +32,
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TABLE F13. (Continued)

Data:

Injectant Nitrogen Nitrogen Ethane Ethane

Pos (psig) 50 100 50 100

Top (°R) 453 457 454 454

Tos (OR) 469 497 481 480
X(in) AP(inH AP(1inHg) AP(1inHg) AP (inHg)
3.20 -25.1 -27.8 -26.2 -29.3
3.25 -15.5 -24.9 -14.0 -26.1
3.30 - 4.9 -21.8 - 6.0 -21.2
3.35 - 23. -17.3 - 1.9 -12.4
3.40 - 1.4 - 9.0 - 1.0 - 6.3
3.50 - 1.6 - 4.7 - 1.4 - 5.1
3.60 - 0.4 - 1.6 0.0 - 1.9
3.65 - --- - o=
.370 - 0.8 - 1.0 - 1.5 - 1.2
3.80 - 1.3 - 0.8 1.0 - 1.1
3.85 - 0.9 - 0.2 - 0.6 - 0.4
3.90 -=- -—- ~-- --
4.05 - 1.1 0.0 - 0.9 - 0.2
4.20 - 0.3 +1.2 0.0 +1.0
4,35 - 2.5 - 2.9 -2.4 - 3.1
4.55 - 1.9 - 1.8 - 1.9 - 2.1
4.80 - 0.9 - 0.5 - 0.8 - 0.8
5.05 0.0 + 0.6 0.0 + 0.5
5.30 + 0.3 + 0.8 + 0.5 + 0.8
5.55 + 0.5 + 0.8 + 0.5 + 0.8
6.05 0.0 + 0.2 0.0 + 0.1
6.55 + 0.3 + 0.4 - 0.5 - 0.5
7.05 + 3.2 + 2.7 = 0.4 +1.7
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APPENDIX G

SAMPLE CALCULATIONS

The sample calculations are carried out for air as the
secondary gas, an angle of attack of 159, a slot width of 0.024 inches,
and a secondary stagnation pressure of 150 psig. The relations between
the total and static conditions were obtained from the one dimensional
compressible flow functions of real air for an isentropic process
contained in the Air Tables(103).

1. Test Conditions

Angle of Attack 15 degrees

Slot width .024 inches

Slot area .0451 square inches
Secondary gas Air

Barometric pressure 14.58 psi

2. Data
Primary total pressure Pop 114.58 psia
Secondary total pressure Pos 164.58 psia
Primary total temperature Top 441 °r
Secondary total temperature Tos 474 °R

Local static pressure without injection 34.23 psia

Separation distance, upstream (camera) 0.50 inches
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Separation distance, downstream

(camera) 0.45 inches

Separation distance, upstream (pressure

data) 0.55 inches

Separation distance, downstream

(Pressure data) 0.60 inches

3. Calculated Results

Speed of sound, secondary a.* = V¢
(a*)2= gkRT, = ghR(0.8300T_) (1)

(a*)%= 32.2 (1.4) (53.35) (0.8300) (474)

a* = Vs = 974 fps

Secondary Weight Flow

- P VA _ (0.5270)POSVSA (2)
Ps's RT “‘ﬁtﬁ?ﬁ?ﬁﬁj?;;

.
Ll

i = 0.5270) (164.58) (53.35)_(9?5) (.0451)
53.35 (0.8300) (474)

=
(]

0.1809 1b/sec

Integrated préssure. upstream of slot* 7.350 1b/inch
Integrated pressure, downstream of slot*-4.465 1b/inch

Net aerodynamic force* 2.885 1b/inch

*Obtained from IBM 7094 Computer, FORTRAN IV program for Simpson's rule,
manometer data from TABLE F



135

Normal Jet Force

_ W Wy i
Fyo= Ws + (p-p) A = Ms + (0.5270 P PR (3)
g g
F = ‘°"§29;(9741A+ ((0.5270)(164.58)-(34.23))( .0451)
Fy = 7.820 1bs

Free Stream Normal Force
F, = (P,in psig)(Model width)(Integration length) (4)
Fa = (19.65)(1.981)(1.30)
Fa = 50,09 1bs

Interation Force

F; = (Net Aerodynamic Force)(Model width) (5)

Fy = (2.885)(1.981) = 5.715 bs



